The detection of viruses in sewage and other natural waters is of signal importance to public health authorities (1) . Usually viruses in such fluids must be concentrated in order to make them apparent. A number of methods have been used for concentration of viruses from sewage: the gauze pad method, ammonium sulfate precipitation, ultracentrifugation, and aqueouspolymer phase systems (2, 3, (5) (6) (7) (8) (9) . However, the methods in the literature do not lend themselves to the detection of very small amounts of virus in truly large volumes of fluids and are limited to the processing of small amounts of sewage. Wallis and Melnick (10, 11) reported the concentration of viruses on aluminum salts or on membranes (Millipore Corp., Bedford, Mass; cellulose mixed ester filters). The aluminum salt method, although capable of processing greater volumes, is still confined to about 2 gal of sewage. Recently, insoluble cross-linked copolymers of maleic anhydride have been described; they avidly adsorb purified viruses (4) and selectively concentrate virus from crude culture fluid harvests in the presence of organic materials (Wallis, Melnick, and Fields, unpublished data), with quantitative recovery of the virus by elution.
This report is concerned with the detection of viruses in sewage and human excreta, comparing different concentration methods. The insoluble polyelectrolyte method afforded advantages in recovering viruses from natural waters, since it could be used to treat very large volumes of 1 Supported by the Monsanto Company, St. Louis, Mo. fluids more efficiently and economically than the other methods with which it was compared.
MATERIALS AND METHODS
Monkey kidney cells. Kidneys from immature rhesus monkeys were trypsinized and grown in Melnick medium A containing 2% calf serum.
Sewage samples. Chlorinated influent was obtained at a local treatment plant servicing a residential area of Houston, Tex., and was immediately brought to the laboratory, placed in a pressure vessel (Millipore Corp.), and clarified by filtration through a 293-mm AP 20 fiber glass pad at 5 to 10 psi to remove solids. The clarified sewage in certain cases was then freed of bacteria by filtration through a 293-mm GS membrane (Millipore Corp.; 0.22 ,m porosity) at 5 to 10 psi. The membranes (Millipore Corp.) and fiber glass pads were pretreated with 200 ml of 10% fetal calf serum to preclude the adsorption of viruses to the cellulose membranes or the glass pads (10) . Serumtreated membranes were then washed with 1 liter of saline to remove residual serum. One-gallon samples of the filtered sewage were then subjected to the aluminum hydroxide or membrane concentration methods described below. For concentration by the polyelectrolyte method, sewage samples were used without filtration.
Aluminum hydroxide method. A 3-ml amount of 2 M Na2CO3 was added to 100 ml of 25 mM AlCls. (A pH of 7.2 should be reached and maintained.) The mixture was constantly stirred during preparation and for 15 min thereafter. The precipitate was then centrifuged at 500 X g for 15 min, and the supernatant fluid was discarded. The sediment was resuspended in saline and autoclaved at 15 lb of pressure for 15 min. After cooling and centrifugation, the sediment was resuspended in 100 ml of sterile saline. 1007
The preparation was stored at 4 C in this form until used. A 20-ml amount of the aluminum hydroxide suspension was added to 1-gal of sewage (clarified and sterilized by filtration as described above), and the sewage was mixed with a magnetic stirrer for 2 hr to permit maximum collision efficiency between the viruses present and the hydroxide precipitate. The suspension was then filtered through a 90-mm fiber glass clarifying pad. The precipitate was trapped on the fiber glass pad, from which it was recovered with the aid of a spatula, and was resuspended in 3 ml of Melnick medium B containing 10% bovine fetal serum.
Cellulose membrane method. Since soluble organic matter interferes with the adsorption of viruses to membranes (11) , it is necessary to remove such material from sewage by treatment with resins under conditions that allow viruses to pass freely. For each gallon of sewage, 240 g of Dowex anion resin (50 to 100 mesh; 1-X8, Cl-) was used. The resin was placed in a tube (50 by 600 mm) and washed with 10 volumes of distilled water at 5 psi. The resin was then washed with saline (0.15 M NaCl) until the filtrate obtained was at the same pH as that of the saline. The column was then sterilized at 15 psi for 15 min, and, when cool, the resin was again washed with sterile saline until the filtrate was at the pH of the saline. One gallon of sewage was then filtered through this resin column at 2 to 5 psi.
After the sewage was passed through the resin, the salt concentration of the resin filtrate was increased with MgCl2, which enhances virus adsorption to membranes (11) . For each 1-gal sample, 40 g of MgCl2-6H20 was used. The MgCl2 was dissolved in distilled water (100 ml) and sterilized by filtration through a 0.22-,Am membrane, which also removes any grossly insoluble matter and other suspended particles which might subsequently clog a membrane used in filtering sewage. The MgCl2 solution was then added to the gallon of resin-treated sewage to give a final concentration of 0.05 M.
The gallon of treated sewage was then filtered through a 47-or 90-mm HA membrane (Millipore Corp.; 0.45 ;&m porosity) at 5 psi. The membrane was removed from the filter holder and placed in a mortar. About 2 g of Alundum was added, and the membrane was then ground with a pestle. A 3-ml amount of Melnick Medium B containing 10% bovine fetal serum was added to the mortar, and further trituration was performed. The membrane homogenate was poured into a tube, and, after the Alundum had settled, the supernatant fluid was used for virus isolation attempts.
Insoluble polyelectrolyte method. An insoluble, cross-linked copolymer of isobutylene maleic anhydride, identified as PE60, was used in the form of a 100-mesh powder. (The insoluble polyelectrolytes, PE60 and PE52, were provided by and are available from The Monsanto Company, St. Louis, Mo.) It was prepared for use by making a 1% suspension in distilled water. The suspension was shaken on a rotary shaker for 0.5 hr, the tube was then spun at 500 X g for 5 min, and the supernatant fluid was discarded along with a small amount of nonsedimentable, or nonwettable, product. The packed polyelectrolyte was then washed twice with distilled water to make a 10% suspension. Each 1 ml of the 10% polyelectrolyte suspension represented 100 mg of PE60. Since PE60 has been shown to preferentially adsorb viruses in the presence of organic compounds (Wallis, Melnick, and Fields, unpublished data), the removal of such compounds on ion-exchange resins was not necessary. Virus is adsorbed to PE60 in the presence of excess bacteria as contained in sewage; therefore, prior filtration of the sewage to remove bacteria was not required. PE60, washed as described above, was added to sewage which had been clarified by filtration through a fiber glass pad to remove solids, and the acidity was adjusted to pH 5.0 to 6.0 to enhance virus adsorption. The mixture was then magnetically stirred at 25 C for 1 hr to permit maximum collision efficiency of virus and polyelectrolyte; the suspension was then filtered (while still being stirred) through a 47-mm fiber glass pad (by either negative or positive pressure) to trap the polyelectrolyte on the pad. The polyelectrolyte was recovered from the fiber glass pad with the aid of a spatula, as described above for the aluminum hydroxide method. The recovered polyelectrolyte was then suspended in 3 to 5 ml of eluent (10% fetal calf serum in either pH 8 phosphate buffer or pH 9 borate buffer) and shaken for a few minutes to effect virus elution. The mixture was centrifuged at 500 X g for 5 min, and the supernatant fluid was filtered through a 0.22-,um membrane (Millipore Corp.) to remove bacteria. The sterile filtrate was used for assay of virus as described below.
PE52. This insoluble cross-linked polyelectrolyte, based on ethylene maleic anhydride, was used only for reconcentration of virus eluted from PE60 as described above. PE52 has the unusual property of adsorbing viruses in the presence of proteins in hypotonic fluids. Viruses do not adsorb to this polyelectrolyte in the presence of isotonic salt solutions, and thus virus adsorbed to PE52 in serum in hypotonic solutions will readily elute upon addition of physiological saline (Wallis, Melnick, and Fields, unpublished data). The PE52 was prepared for use by the procedure described above for PE60.
Isolation of viruses from sewage and sewage concentrates. Al(OH)s, cellulose membrane and PE60
concentrates, and unconcentrated sewage were inoculated onto drained monkey kidney cultures by using 0. 
RESULTS

Standardization of the polyelectrolyte method.
Preliminary experiments were performed to determine the optimal conditions for adsorption of poliovirus suspended in sewage to PE60. In a previous study (Wallis, Melnick, and Fields, unpublished data), we showed that acid-resistant viruses suspended in culture extracts were preferentially adsorbed to NaOH-treated polyelectrolyte at pH 4.5. NaOH-washed polyelectrolyte did not adsorb the nonviral organic components of tissue culture extracts at pH 4.5; thus, the polyelectrolyte receptors remained available for virus attachment. However, at elevated pH levels, or with water-washed polyelectrolyte, the receptors were occupied by the proteins and other organic materials present in the virus suspension, thus blocking virus adsorption. In the current study, when virus was suspended in sewage, NaOH-treated polyelectrolyte did not adsorb virus as efficiently as did water-washed polyelectrolyte. Since the organic materials contained in sewage differ considerably from those found in culture extracts, the adsorption competition of virus and protein or organic materials was different. For the same reason, the optimal pH levels for adsorption varied when virus was diluted in sewage. A typical experiment with three different lots of PE60 is shown in Table 1 , which indicates the effects of pH on the adsorption of poliovirus added to sewage.
In the preparation of the insoluble polyelectrolyte, minor variations from lot to lot are to be expected. The results shown in Table 1 Table 2 . It appears that 100 mg of PE60 per gal of sewage for 4 hr or 400 mg per gal for 1 hr is optimal for maximal virus recovery.
The following conditions were therefore adopted for the polyelectrolyte method of detecting viruses in sewage. Freshly prepared PE60 (water-washed as described above) was added to sewage (400 mg per gal), the pH was adjusted to 5.5 to 6.0 with HCl, and the suspension was stirred for 1 hr at 25 C. PE60 was freshly prepared from the powder form.
Comparative efficiency of three methods for recovery of poliovirus. The procedures of this experiment and the results are shown in Table 3 a An 8-gal amount of raw sewage was clarified through a coarse filter pad to remove solids, and the filtrate was divided into eight portions of 1 gal each. Each gallon of sewage (containing a calculated 250 PFU of poliovirus) was then treated with the PE60 as indicated. The sewage-PE60 mixtures were stirred magnetically at pH 6.0 at 25 C for the hours indicated. The polyelectrolyte was recovered as described, the virus was eluted, and the eluate was assayed. The total number of PFU added per gallon was 250.
among these methods was the time required for processing the samples. The Al(OH)3 method required a total time of 3.5 hr for processing before cultures could be inoculated, the collodion membrane method required 3 hr, and the PE60 method required 1.25 hr.
Isolation of viruses naturally present in sewage. A comparison of the aluminum hydroxide, membrane, and polyelectrolyte methods was made by using sewage collected during the spring, a period of the year when the virus content of natural waters is known to be less than maximal (Table 4 ). The polyelectrolyte method consistently gave the highest isolation rates. Although the differences between the methods used were not always statistically significant, the polyelectrolyte method is preferable in view of its economy and the shortened time involved for processing sewage.
A variety of viruses were identified among the isolates described in Table 4 . The predominant strains were poliovirus types 1, 2, and 3 and echovirus types 7 and 15.
The marked change in virus isolations between the first and the last week in April, and the similar variations in May, resulted from the fact that the Houston area received heavy rains during the first three weeks of April and the first two weeks of May, which decreased the number of viruses recovered from sewage.
Use of the polyelectrolyte method in the field. The testing of large volumes of natural waters has been beset with a number of problems. To overcome these problems, we conducted a trial in the field in which sewage effluent was passed through a thin layer of polyelectrolyte.
One gram of polyelectrolyte was packed on a 90-mm fiber glass pad held in a filter holder (Millipore Corp.); the polyelectrolyte was suspended in 200 ml of water and filtered through the pad. A layer of about 1 to 1.5 mm in thickness was obtained. Another 90-mm fiber glass pad was placed on top of the layer (to sandwich a Input virus per gallon of sewage represents the total virus added to sewage as determined by simultaneous assay of a sample of the seed used for addition to sewage. The total number of plaques was 710 per gallon.
b To 3 gal of raw sewage we added 1 ml of type 1 poliovirus (Mahoney) containing about 1,000 PFU per gal (actually found, 710 PFU). The sewage was then processed through membranes (except 1 gal which was processed with PE60 without removal of bacteria) as described. One gallon of sewage was treated by each of the methods described, and the concentrates were assayed. ¢ Total number of plaques detected in the samples, each representing 1 gal of sewage.
d pH adjusted to 6.0 with HCl. The equipment was returned to the laboratory and the 1 gal of sewage that had passed through the thin-layer polyelectrolye system was tested along with the control sample. The polyelectrolyte was scraped from between the pads with a spatula, suspended in eluent, and processed as described above.
The gallon of sewage that had passed through the pads in the field was further treated with 1 g of polyelectrolyte by the method described above.
The control gallon of effluent was processed as described previously, except that 1 g of polyelectrolyte was added to the effluent to equal the 1 g of polyelectrolyte used in the thin-layer system in the field.
The viruses recovered directly from the thin layer of polyelectrolyte, those passing the thinlayer system, and those recovered from the gallon of effluent collected for processing in the laboratory are compared in Table 5 
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-To maintain the sewage at pH 5.0 to 6.0 for enhanced adsorption of viruses to the layer of PE60, CO2 was bubbled into the sewage as it passed the inlet tubing. Two pounds of crushed dry ice contained in a pressure vessel (sealed) was fixed with a tube and an 18-gauge needle as the only outlet for the CO2. This needle was inserted into the inlet tubing which led to the inlet of the filter unit. Trial laboratory tests revealed that, under these conditions, the CO2 bubbling into the sewage as it was sucked into the system caused the sewage to attain a pH of about 5.5 immediately before contacting the polyelectrolyte layer.
b The gallon of effluent which was collected and concentrated in the thin-layer PE60 system at the bayou was further tested to determine the number of PFU that had passed through the system. This was done by treating this effluent with 1 g of PE60 in the laboratory by the standard polyelectrolyte method.
¢ One gallon of effluent obtained at the bayou was returned to the laboratory for processing to compare the efficiency of the thin-layer system and the conventional laboratory method. In this case, 1 g of PE60 was used to concentrate virus since this amount of the polyelectrolyte was used in the thin-layer system. second polyelectrolyte would be used. PE52, which does not adsorb virus in a saline diluent or in distilled water, adsorbs virus in the presence of serum in hypotonic solutions, and the virus can be readily eluted in the presence of salts. Since virus can be eluted from PE60 in salt solutions at elevated pH levels or in serum in distilled water at elevated pH levels, eluates obtained from PE60 can be treated with PE52 for reconcentration of virus.
The following test was performed to simulate such a double-adsorption procedure for large volumes of sewage. One gallon of sewage containing exogenously added poliovirus was filtered through a 293-mm fiber glass pad containing 8 g of PE60, in the same arrangement as described for the thin-layer method in the 90-mm unit. 
No detectable virus when 1 ml was plated ( 0.1 ml on each of 10 cultures ).
FIG. 1.
Reconcentration of eluted poliovirus. Poliovirus was added to I gal of sewage to give a concentration of107 PFUper gal or 250 PFU per 0.1 ml. The sewage-virus mixture was then passed through a 293-mm fiber glass pad containing 8 g of sandwiched PE60, as described previously, at a flow rate of I liter per min. The PE60-adsorbed virus was then eluted by adding 200 ml of 5% fetal calf serum in distilled water (pH 9.0 with NaOH) to the polyelectrolyte layer, and allowing the fluid to soak into the layer before forcing the eluent through the layer. The filtrate was readjusted to pH 9.0 and recirculated through the polyelectrolyte layer; these procedures were repeated three times. The filtrate (PE60 eluate) was treated with 200 mg of PES2 by magnetically stirring for I hr at 25 C, and the suspension was centrifuged at 500 X g for S min. The PES2 supernatant fluid was assayed, and the packed PE52 was treated with 3 ml of saline with vigorous mixingfor 15 sec (VirTis vibrator or by hand) in order to elute adsorbed virus. The suspension was centrifuged, and the 3 ml of supernatant fluid (PE52 eluate) was treated with 0.3 ml of undiluted fetal calf serum to prevent virus adsorption to membranes during filtration through a 0.22-nm membrane filter to remove bacteria. The sterile filtrate was then assayed for virus.
packed PE52 was then treated with saline to elute the reconcentrated virus. The procedures are shown in Fig. 1 (Tables 3 and 4 ). In a previous study (11) , we obtained sewage late in the afternoon and processed the sample the next morning. In the current study, samples were obtained at various times, early morning, late afternoon, and sometimes in the early evening. As a result, the type and concentration of organics varied considerably from sample to sample. The efficiency of the membrane method is limited by the necessity of removing organic materials from sewage by its prior treatment with anion resin. To investigate this point, the polyelectrolyte method was compared with the membrane method in the presence of excess organic material. Whole fecal material was suspended in tap water, poliovirus was added, and its recovery was measured by the membrane and polyelectrolyte methods ( Table  6 ). The polyelectrolyte method recovered virtually 100%Y of the virus added to the 1 and 10% stool samples at pH 4. On the other hand, the membrane method could not be used with these high fecal concentrations since the membranes clogged. Efficient recovery of virus from the membrane occurred only when the fecal suspension was further diluted 10,000-fold.
Concentration of virus from urine on PE60. Attempts were made to concentrate poliovirus added to pooled, normal urine by using the membrane and the Al(OH)3 methods, but the organic materials in urine were not removed by the anion resin, and all trials to concentrate poliovirus from urine by these methods failed. However, PE60 at optimal pH values can adsorb viruses in the presence of organic materials. Therefore, the PE60 method was extended to urine. Poliovirus was added to urine treated with PE60 at various pH levels to determine the optimal conditions for concentration of the virus (Table 7) .
Poliovirus could be quantitatively recovered from urine at pH 4.0 to 4.5. In three experiments, each using different amounts of input virus, efficient recovery of the virus was achieved. In additional experiments, echovirus type 7 and coxsackievirus types A9 and B3 were also concentrated by the methods described, with essentially the same results. The dramatic effects of pH shown in Table 7 emphasize that the organic materials in urine interfere with virus adsorption to PE60 at pH levels other than 4.0 to 4.5. b Whole stool samples were homogenized and suspended in saline to make a 10%o concentration, and the suspensions were clarified by centrifugation at 500 X g for 30 min. The supernatant fluids were used without further dilution or were diluted in 10-fold increments in saline as indicated. To 100-ml samples preadjusted to the pH levels indicated, poliovirus was added to contain an input of 146 PFU per 100 ml. The 100-ml samples were then filtered through membranes, and the virus was eluted as described. Duplicate 100-ml samples were treated with 200 mg of PE60 for 1 hr at 25 C, and virus was recovered from the PE60 as described. All eluates were passed through 0.22-ptm membranes (pretreated with serum) to remove bacteria and then were assayed.
Not determined. 
DISCUSSION
In this report, we have described a simple and effective method of isolating viruses from sewage. Viruses are adsorbed to insoluble polyelectrolytes and eluted from the polymer quantitatively. The techniques described in this report have advantages in methodology and in sensitivity over previously reported concentration procedures (2, 3, (5) (6) (7) (8) (9) (10) (11) . In our comparison of the aluminum hydroxide, cellulose membrane, and polyelectrolyte methods, it was found that the polyelectrolyte procedure could be completed in less than onehalf the time required for the other methods. Furthermore, the economy of this method, and of the Al(OH)3 method, is noteworthy. These methods do not involve expensive reagents and equipment. The membrane method requires 240 g of exchange resin per gal of sewage, membranes (Millipore Corp.) , and equipment, all of which are costly. Although the three methods gave good recovery rates with poliovirus, the polyelectrolyte method appears to have the advantages of simplicity and economy as well as the best recovery rate.
Since the insoluble polyelectrolyte used in this study was markedly effective for concentrating viruses in sewage, it will be applied to the detection of viruses in other natural waters, i.e., swimming pools, reservoirs, lakes, and tap waters.
Pilot experiments have been performed with PE60 sandwiched between layers of coarse filter paper. Such a sandwich proved capable of removing very low concentrations ofpoliovirus from tap water at relatively high flow rates. These studies will be reported in detail later. 
